Introduction
Optimizing the performance of a single-pass free electron laser (FEL) in a storage ring requires a stored beam having both a relatively high volume density and a low momentum spread. These requirements place severe constraints on storage ring design due to the impact of both coherent and incoherent multiparticle phenomena. In this paper we present approximate scaling laws that elucidate the relative importance of various lattice parameters, and we will describe a systematic approach (embodied in the computer code ZAP) to parameter selection.
Figure of Merit for FEL Operation
To facilitate optimization of a storage ring for FEL purposes, it is desirable to define a "figure of merit." The one-dimensional theory of high-gain FEL operation predicts exponential growth and a saturation power level.
In designing a storage ring to serve as an FEL, it is clearly desirable to operate close to the saturation limit. Furthermore, it is important to minimize the required length of undulator used to reach this output power level.
From one-dimensional theory we know that, in the exponential-growth regime, the laser power grows with distance, z, at a rate corresponding to [1] :
where the e-folding length is defined as
At saturation, the peak power and saturation length are given (for zero energy spread) by [1] :
Zsat~(ku/P) (3) and psat = p Pbeam (4) In these expressions the FEL gain parameter, p, scales as [1] :
where X is the FEL wavelength. Thus, maximizing the output power and minimizing the saturation length both correspond to maximizing the parameter p.
If the effects of non-zero beam energy spread are taken into account, the growth rate is reduced significantly ( (6) and potential well distortion effects are assumed negligible. With a smooth vacuum chamber design, a small storage ring may be expected to have an impedance of (Z/n)o= 1 to 2 ohms.
For small storage rings there is another important source of interaction of the beam, that with the radiation it has generated. This effect has been found to be well approximated, for several geometries, by an impedance of the form [3] Z = 300 (b.) (e ) [Q] -iT R 2%r (7) (For a closed vacuum pipe, the frequency dependence is of the resonant type, and Eq. (7) gives a rough smeared out average value.)
For smooth, small rings, this "free-space" impedance may set a lower limit on the attainable longitudinal impedance. The bend angle 0 in Eq. (7) is just 2%r for the standard dipoles in a ring, but can take on a much larger value for a ring having damping wigglers.
It is important to note that, while the instability driven by the free-space impedance has probably been observed in electron ring ( [7] . When completed, it is envisioned that ZAP will allow the preliminary evaluation of the machine performance and parameters of any storage ring.
As primary inputs, ZAP utilizes the parameters of a lattice along with the relevant "physics" needs (e.g., the FEL requirement for small momentum spread). The Calculations for a given lattice are carried out at many lattice points.
ZAP evaluates the three growth rates (horizontal, vertical, longitudinal) and then computes the overall growth rate in each dimension averaged over the entire ring. This calculation is iterated to find the equilibrium emittance.
As for the IBS case, the Touschek calculation is performed at each lattice point and the average lifetime for the ring computed. The input value for the momentum acceptance should properly be interpreted as the smallest of the bucket height, the dynamic aperture, or the physical aperture. 
